Abstract. Cell culture is one of the most important methods of research in molecular and cellular biology, and various culture systems have been developed, including two-dimensional (2D), three-dimensional (3D) and floating culture systems. In the present study, we examined morphological changes and different expression patterns of cytoskeletal proteins in three different types of nervous system tumor cells grown in 2D, 3D and floating cell cultures. A172, KG-1-C and IMR-32 cells showed marked morphological changes, depending on the cell culture methods. F-actin expression was clearly observed at the level of the cells nearest the plate surface in 2D and 3D cultures. On the other hand, expression of F-actin was weak in the floating culture system. α-tubulin was detected in the cytoplasm of cells in 2D culture, but in floating and 3D cultures, α-tubulin was expressed in the peripheral regions of spheres and spheroids. In conclusion, this study demonstrated that nervous system tumor cells showed different alterations in morphology, and different cytoskeletal protein expression patterns, depending on the culture methods.
Introduction
With the aim of mimicking in vivo situations or particular pathological conditions, various culture systems have been developed, including two-dimensional (2D), three-dimensional (3D), and floating culture systems (1, 2) . Traditional tumor cell culture studies with 2D cultures have the advantages of ease and economy. Therefore, they have been commonly used to examine cancer cell biology and develop new drugs. However, tumor cells grown in 2D culture systems differ from those grown in vivo; they have different morphology, cell-to-cell or cell-to-matrix adhesions, cellular differentiation patterns, and cellular behaviors (3, 4) .
On the other hand, 3D cell culture systems were expected to mimic in vivo environments (5) (6) (7) . Many types of 3D culture systems have been reported, including spheroid cultures, ex vivo cultures (8) , multilayered postconfluent cell cultures (9) , cells grown in an extracellular matrix gel (10) , and co-cultures with fibroblasts or vascular endothelium (11) . The recently developed NanoCulture plate, which has a microsquare pattern on the bottom of the plate, allows the formation of 3D spheroids without the need of any matrix or scaffold. Recently, we reported that several kinds of pancreatic cancer cell lines formed cell spheroids in NanoCulture plates (12) . These cells showed alterations in the expression levels and localization of cytoskeletal proteins. The 3D spheroidal culture system with the NanoCulture plate is a useful method for cell imaging with phase contrast microscopy and confocal microscopy.
Furthermore, floating cultures in plates with a low-attachment surface permit the formation of spheres of several kinds of cells. It has been reported that neural stem cells and tumor stem cells grow in floating spheres in serum-free culture medium supplemented with epidermal growth factor (EGF) and/or basic fibroblast growth factor (bFGF) (13, 14) . Therefore, the floating culture system is an important method for analyzing stem cells in vitro (2, 15) .
Numerous genes and proteins have been found to be differently expressed in 2D, 3D, and floating culture models (16) (17) (18) (19) . Different culture methods can cause markedly different morphological changes in cells. Therefore, we hypothesized that these morphological changes might induce the alteration of cytoskeletal protein expression. In the present study, we examined morphological changes and different expression patterns of cytoskeletal proteins in three different types of nervous system tumors grown in 2D, floating, and 3D cell cultures.
Glass Ind., Ltd. (Osaka, Japan); recombinant human eGF from Austral Biologicals (San Ramon, CA); recombinant human bFGF from ReproCell (Tokyo, Japan); 6-well ultra-low attachment surface plates from Corning Incorporated (Lowell, MA); rabbit polyclonal anti-α-tubulin antibody (ab24246) from Abcam plc (Cambridge, uK); Alexa 568-labeled phalloidin and Alexa 488-labeled goat anti-rabbit IgG antibody from Invitrogen Corporation (Carlsbad, CA); and Vectashield H-1200 containing 4' ,6-diamidino-2-phenylindole-2HCl (DAPI) from vector Lab., Inc. (Burlingame, CA). All other chemicals and reagents were purchased from Sigma-Aldrich Corporation (St. Louis, MO).
Nervous system tumor cell lines. Two glioma cell lines, A172 (human glioblastoma) and KG-1-C (human low grade glioma), and one human neuroblastoma cell line, IMR-32, were obtained from RIKeN BioResource Center (Ibaraki, Japan). The A172 cells were grown in RPMI-1640 medium with 10% fetal bovine Cell treatments. For 2D cell cultures, the nervous system tumor cells were suspended in growth medium with FBS and plated in 35-mm glass-bottom dishes at a density of 1x10 5 cells/3 ml (Fig. 1A) . For floating cultures, the cells were suspended in 3 ml of growth medium with 20 ng/ml EGF and 20 ng/ml bFGF, and plated in ultra low-attachment surface plates (2x10 3 cells/3 ml). For 3D cell cultures, the cells were suspended in 0.1 ml of NanoCulture medium with 10% FBS and plated in the NanoCulture plate (1x10 4 cells/0.1 ml). All cells were incubated for 72 h at 37˚C in a humidified 5% CO 2 atmosphere.
Labeling for α-tubulin and filamentous (F)-actin.
The cells were fixed in a 4% paraformaldehyde solution for 15 min, for 2D cultures, or 20 min, for floating and 3D cultures, at room temperature. Fixed cells were incubated overnight at 4˚C with a rabbit anti-α-tubulin antibody (1:100 dilution). After incubation with Alexa 488-labeled anti-rabbit IgG antibody (1:1000 dilution) and Alexa 568-labeled phalloidin (1:50 dilution), the dishes were mounted in vectashield H-1200 that contained DAPI. The labeled α-tubulin and F-actin proteins were visualized with a Digital Eclipse C1 TE2000-E microscope (Nikon Instech Co., Ltd., Tokyo, Japan). Fluorescence images were acquired with a Digital Eclipse C1 TE2000-E confocal microscope and analyzed with the control software EZ-C1 (Nikon Instech Co., Ltd.). The confocal settings, including the laser power and detector sensitivity, were constant for the acquisition of all images. Horizontal images were collected at 0.5 µm intervals with a laser to create a stack on the Z axis; these were then used to reconstruct vertical stereoscopic images with the image analyzing software, Volocity (Improvision, Coventry, uK, Fig. 1B) . A phase contrast image of the cells was examined with a Nikon eclipse Te2000-u microscope.
Results
Cell morphologies. In 2D cultures, A172, KG-1-C, and IMR-32 cells were attached to dishes and exhibited a sheet-like appearance with spindle to polygonal cell shapes ( Fig. 2A-C) . In floating cultures, all cell types floated unattached to the dishes and formed spheres (Fig. 2D-F) . In 3D cultures, cells were attached to the surfaces of plates, but grew in spheroid structures (Fig. 2G-I) ; the A172 and KG-1-C cells exhibited long cell projections around the spheres (Fig. 2G and H, arrows) , but IMR-32 showed no clear cell projections (Fig. 2I) .
Cytoskeletal proteins are considered to be important regulators of cellular morphology and structure (20, 21) . Therefore, we compared the expression patterns of cytoskeletal proteins in nervous system tumor cells under 2D, floating, and 3D culture conditions.
Expression patterns of F-actin and α-tubulin in 2D culture. In horizontal images of 2D cultures, at the intermediate level on the Z axis (Fig. 1B) , α-tubulin showed strong expression and formed fine fibers in the cytoplasm, but F-actin expression was weak and localized only to the periphery of cells (Fig. 3A-C) . In horizontal images, at the level of cells attached to the dish (Fig. 1B) , F-actin expression was high, and stress fibers of F-actin were clearly observed, but α-tubulin expression was weak (Fig. 3D-F) . In vertical images, at the level of cells attached to the surface of the dish, F-actin expression was clearly observed (Fig. 3G-I ). Both horizontal and vertical images showed that F-actin was highly expressed at the surface attached to the dish, and α-tubulin was abundantly expressed in the cytoplasm of cells at unattached sites.
Expression patterns of F-actin and α-tubulin in floating cultures.
In horizontal images of floating cultures, at the intermediate level of the Z axis, the maximum area of the sphere could be observed. In this region, α-tubulin was highly expressed, particularly in the sphere periphery, and F-actin was expressed at the cell-to-cell junctions of spheres (Fig. 4A-C) . In horizontal images, at the lower level of the Z-axis of cells floating in the low-attachment plates, sphere formation was not clearly observed, but α-tubulin expression was detected in all cells (Fig. 4D-F) . F-actin expression was detected at the cell-to-cell junctions of spheres. In vertical images reconstructed with computer software, sphere formation and F-actin localization were not clearly observed due to the attenuation of the laser (Fig. 4G-I ).
However, α-tubulin was clearly localized to the periphery of cells. Stereoscopic images reconstructed with computer software allowed the clear detection of sphere formation (Fig. 4J-L) . F-actin and α-tubulin localization on the surface of the sphere could be observed. expression of F-actin was observed at the cell-to-cell junctions on the surfaces of spheres.
Expression patterns of F-actin and α-tubulin in 3D spheroidal
cultures. In horizontal images of 3D spheroids, at the intermediate level of the Z axis, α-tubulin expression was high in the periphery, and F-actin expression was observed at the cell-to-cell junctions (Fig. 5A-C) . In horizontal images at the level of cells attached to the plate, the grid structures of the NanoCulture plate could be observed, and F-actin expression was markedly increased (Fig. 5D-F) . In A172 cells, F-actin was diffusely localized throughout the spheroids, and it was colocalized with α-tubulin at the periphery of the spheroids (Fig. 5D) . In KG-1-C cells, F-actin was colocalized with α-tubulin at the periphery of the cells (Fig. 5e) . vertical images showed that F-actin expression was observed at the level of cells attached to the surface of the plate, but the morphological changes observed in the upper level cells were not clearly observed here, due to the attenuation of the laser (Fig. 5G-I) . Stereoscopic images showed that F-actin expression was high in the center of spheroids and in the cells attached to the surface of the plate (Fig. 5J-L) . F-actin expression was markedly elevated in 3D cultures compared with 2D and floating cultures.
Discussion
In the present study, A172, KG-1-C, and IMR-32 cells showed marked morphological changes, depending on the cell culture methods. To examine underlying mechanisms of the changes in cell morphology, we analyzed the expression patterns of cytoskeletal proteins, including F-actin and α-tubulin. F-actin expression was clearly observed at the level of the cells nearest the plate surface in 2D and 3D cultures. On the other hand, expression of F-actin was weak in the floating culture system. F-actin is anchored to the cell membrane, and the sites where this anchoring occurs are frequently connected to structures outside the cells. Therefore, differences in cell-to-cell interactions and cell-to-extracellular matrix interactions among the culture systems might alter the expression levels and patterns of actin fibers.
The expression pattern of α-tubulin in nervous system tumor cells was also different in different culture systems. In 2D culture, α-tubulin was detected in the cytoplasm of cells, but in floating and 3D cultures, α-tubulin was expressed in the peripheral regions of spheres and spheroids. Tubulin forms microtubules and centrosomes; it is also essential for many vital cellular processes, including intracellular transport, metabolism, and cell division. The differences in α-tubulin expression observed among culture systems might be important for studying tumor cell behaviors.
Previous studies have shown that many genes and proteins were expressed differently in the same cell lines cultured in 2D, 3D, and floating systems (16) (17) (18) (19) . Furthermore, floating cultures in plates with non-adherent surfaces have been widely used to investigate the roles of stem cells (15) .
In the present study, vertical and stereoscopic image analyses were found to be equally useful for morphological analyses. Horizontal images allowed the analysis of protein expression at several levels. vertical and stereoscopic images provided many more levels of analysis, for example morphological changes and expression patterns of proteins in spheres and spheroids. In vertical images, the upper levels of cell structures were incomprehensible due to the attenuation of the laser. However, we could examine the localization of F-actin and α-tubulin at the bottom surfaces of cell structures. Stereoscopic images, constructed with image analysis software, provided better images and facilitated the analysis of compositional differences between cell structures. In conclusion, this study demonstrated that nervous system tumor cells showed different alterations in morphology, and different cytoskeletal protein expression patterns, depending on the culture methods. The results also indicated that stereoscopic analysis with image analysis software could provide a large amount of information on spheres and spheroids.
